A major challenge to the control and eventual eradication of Mycobacterium tuberculosis infection is this pathogen's prolonged dormancy. The heme-based oxygen sensor protein DevS (DosS) plays a key role in this phenomenon, because it is a major activator of the transcription factor DevR. When DevS is active, its histidine protein kinase region is ON and it phosphorylates and activates DevR, which can induce the transcription of the dormancy regulon genes. Here, we have investigated the mechanism by which the ligation of molecular oxygen to a heme-binding domain in DevS switches OFF its histidine protein kinase region. To shed light on the oligomerization states of this protein and possible protein-surfaces of interaction, we used analytical gel filtration, together with dynamic light scattering, fluorescence spectroscopy and chemical crosslinking. We found that DevS exists as three major species: an octamer, a tetramer and a dimer. These three states were observed for the concentration range between 0.5 and 20 lM DevS, but not below 0.1 lM. Levels of DevS in M. tuberculosis are expected to range from 5 to 26 lM. When this histidine protein kinase was OFF, the DevS was mainly tetrameric and dimeric; by contrast, when the kinase was ON, the protein was predominantly octameric. The changes in quaternary structure were rapid upon binding to the physiological signal. This finding represents a novel strategy for switching the activity of a twocomponent heme-based sensor. An enhanced understanding of this process might potentially lead to the design of novel regulatory agents that target the multimer interfaces for treatment of latent tuberculosis.
Introduction
Mycobacterium tuberculosis is among the most successful pathogens in humans, an association dating back about 5000 years [1, 2] . Currently, tuberculosis kills over 1.4 million people every year around the world and exists in a latent state in one-third of the human population [3] . These alarming numbers highlight this transduction, robust oxidative processes, NO deoxygenation, and the high-resolution X-ray structures of the isolated domains, among others [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . DosT and DevS belong to the heme-based sensors, a widespread family of proteins that couple distinct heme modules to many output activities [19, 21, 22] . DevS, in particular, contains a C-terminal histidine protein kinase region plus two GAF domains (cGMPspecific and stimulated phosphodiesterases, adenylate cyclases, and Escherichia coli formate hydrogen lyase transcriptional activator), with heme being bound in the first GAF at the N-terminal region of the protein (Fig. 1B) [23] . Under aerobic conditions, DevS is stably bound to O 2 and its histidine protein kinase region is switched OFF [24] . Under hypoxic conditions, however, DevS becomes a fully active histidine protein kinase that phosphorylates DevR [24, 25] . Once phospho-DevR is produced, it becomes an active transcription factor that promotes the expression of many genes to enable the bacteria to enter a dormant state.
The DosT-DevS-DevR system is highly analogous to the prototypical FixL-FixJ O 2 -sensing system of rhizobia [21, 26] . In the Bradyrhizobium japonicum and Sinorhizobium meliloti FixL-FixJ systems, the O 2 sensor FixL functions jointly with the transcription factor FixJ to activate microaerobic respiration and nitrogen fixation during symbiosis. However, FixL-like proteins have been described in other microorganisms [27] [28] [29] [30] .
The mechanisms of signal transduction by hemebased sensors have been an important line of investigation because these proteins are ubiquitous and involved in many key physiological processes; consequently a medical interest has emerged that may benefit from functional studies [31, 32] . A series of studies have shown that FixL and FixJ work together as a FixL: FixJ complex [33, 34] . The deoxy state is enzymatically active, and it is regulated by ligation of O 2 , but not CO or NO. Oxygen blocks an initial autophosphorylation of the FixL but not binding to FixJ or ATP, or the phosphoryl transfer to FixJ [35] . How the O 2 -ligated heme domain of FixL disrupts its kinase activity remains unclear. A domain-swap associated to a hysteresis process has been suggested as a structural model of action for FixL [26, 36, 37] . This type of model of domain-domain reorganization has also been suggested as a mechanism of signal transduction for sensors such as sGC [38] and AfGcHK (oxygen sensor histidine kinase from Anaeromyxobacter sp. Fw 109-5) [39, 40] .
The ligand regulation of DevS significantly differs from that of FixL [25] . In particular, DevS can efficiently transfer a phosphoryl group from ATP to DevR, but there is no enhancement of the initial autophosphorylation of DevS, or the phosphoryl transfer to DevR, by a pre-formed DevS:DevR complex [25] . Additionally, FixL is a homodimeric protein, and its oligomeric state does not change on binding to its physiological signal, i.e. O 2 (authors' unpublished data). By contrast, during our studies of DevS, we noticed an oligomerization of the protein. Here we investigate whether the changes in DevS quaternary structure could be part of its regulation.
Results

DevS is a multi-oligomeric protein
The DevS that we examined was obtained from the overexpression of the gene from a moderate promoter (P tac ) and had its full heme content and no tag. We resolved the different oligomeric states with a relatively short analytical gel filtration column that not only allowed quick injections and monitoring, but also exhibited great resolution. The molecular masses were estimated by the use of protein standards (R 2 = 0.98). Interestingly, for oxy-DevS we observed three wellresolved peaks, which corresponded to estimated masses of 507, 251, and 128 kDa. These masses were remarkably close to the expected values for a DevS octamer (498 kDa), tetramer (249 kDa) and dimer (124 kDa; Fig. 2 ). This behavior was unusual, since the majority of heme-based sensors have been described as dimers. Other purified batches of DevS showed identical behavior. This behavior was also maintained when we compared freshly prepared protein that had been fast frozen. When we investigated Gel filtration chromatogram for oxy-DevS (2 lM) in 50 mM Tris pH 7.4, 50 mM NaCl and molecular mass standard proteins plotted as log(molecular mass) versus time (GFC-300 column, 7.8 mm 9 150 mm; Tosoh).
the effect of ionic strength, the only difference in behavior was if we compared the absence of salt to its presence; however, from 50 up to 200 mM of NaCl, there was no significant difference in the oligomerization pattern. Equilibria between oligomeric species, either monomer-dimer or dimer-tetramer, are common in signal transduction, and these results suggested that changes in quaternary structure might be a feature of DevS.
To evaluate the effect of protein concentration on the oligomeric state, we prepared and injected DevS from 0.5 up to 20 lM. We noticed that at the highest concentrations only, there was more octamer and tetramer versus dimer, which was expected based on the equilibrium of these species (Fig. 3) .
Equilibrium is rapidly achieved
To investigate if those oligomers would quickly re-equilibrate, we injected oxy-DevS at 20 lM on the column and collected protein only at the peaks of each species, so that those isolated samples would have predominantly octamers (oct), tetramers (tet) or dimers (dim) immediately after their collection (Fig. 4) . Curiously, once each species was re-injected onto the column, we observed the same distinct oligomerization pattern, indicating a rapid re-equilibration. In all cases, due to the dilution promoted by the column, the peaks tended toward the lower molecular mass species, but almost all the changes happened within 30 min (Fig. 4) . A quick conversion of oxy-DevS to deoxy-DevS using dilution or dithionite addition led to very fast oligomer reorganization, which further supported a fast kinetics for these changes in quaternary structure.
Signal transduction modulates the oligomeric states of DevS
We examined the oligomerization of DevS in four different ligation states:
deoxy (Fe II ) and carbonmonoxy (Fe II -CO). The first two states are associated with an inactive kinase, whereas the latter two represent the active kinase [24, 25] . Remarkably, the inactive states (oxy-and metDevS) showed predominantly tetrameric and dimeric species; by contrast, the active states (deoxy-and carbonmonoxy-DevS) showed mostly octameric species (Fig. 5) . A great advantage of the size-exclusion chromatography-HPLC coupled to a diode-array spectrophotometer detector was that we could monitor the electronic spectra of each species eluted to validate its heme status. Ordinarily, the elution buffer passes through a degassing unit, which makes it difficult to have CO-saturated buffer or even guarantee oxygenated buffer. However, the use of a short column to minimize the residence time helped us to avoid the loss of bound CO or O 2 . We prepared the deoxy-DevS by adding up to 2 mM of dithionite into the de-aerated buffer and in the protein sample right before injection, following a similar procedure described in the literature [41] . This strategy worked well, and we observed clear deoxy-DevS spectra for the protein being eluted from the column, which validated the preparation. The other active species, carbonmonoxy-DevS, was prepared with and without addition of dithionite, but always keeping the CO concentration above 300 lM; the electronic spectra were typical of CO-bound DevS, as seen in the inset of Fig. 5 .
We noticed a trend toward the higher oligomers, i.e. octamers and tetramers, with increases in the protein concentration (Fig. 3) . The relative amounts of the oligomeric species were estimated by deconvoluting the peaks. Thus we noticed that at higher concentrations, we would cause a shift toward the octamers even for the inactive forms, such as oxy and met species; however, these inactive states did not change to the same extent seen for the active states, deoxy-and carbonmonoxy-DevS. For example, 2 lM carbonmonoxyDevS contained 49% octamer, 15% tetramer and 36% dimer, whereas oxy-DevS had 8% octamer, 46% tetramer and 46% dimer. When the DevS concentration was increased 10-fold, we noticed for carbonmonoxy-DevS 68% octamer, 16% tetramer and 16% dimer, whereas for oxy-DevS there was 20% octamer, 58% tetramer and 22% dimer. At much lower concentrations,~0.1 lM, it was difficult to sustain the higher oligomeric states, as would be expected.
If we consider the total amount of the subunits of DevS instead of the concentration, then at 2 lM of deoxy-DevS, 46% of the subunits were organized in octamers, 22% in tetramers and 32% in dimers. In this context, it is interesting to note that, in the autophosphorylation reaction, oxy-DevS was six-fold inhibited compared to deoxy-DevS [24] . This inhibition factor matches quite well the ratio of the octamers in deoxyDevS compared to oxy-DevS, i.e. 46% : 7.8% of octamers in the deoxy versus oxy state give a value of 5.9. We investigated whether an effect of ionic strength between 0 and 200 mM NaCl would alter the oligomeric behavior of DevS. We noticed some changes only from 0 to 50 mM NaCl, but saw no significant differences above 50 mM NaCl. We also evaluated whether ATP would influence the oligomerization. For these experiments, we used carbonmonoxy-DevS at 2 and 4 lM, and we added 100 lM of ATP to the protein as well as the elution buffer. In both cases we observed no significant change.
Differences in intrinsic fluorescence
We measured the tryptophan emission of O 2 -and CObound 1 lM DevS in 10 mM Tris buffer, pH 8.0. Interestingly, oxy-DevS exhibited maximum emission at 334 nm, whereas for carbonmonoxy-DevS this was 337 nm (Fig. 6A ). In addition, compared to oxy-DevS, carbonmonoxy-DevS showed a slightly lower emission.
Changes in hydrophobic interfaces of DevS
4,4-Dianilino-1,1-binaphthyl-5,5-disulfonic acid dipotassium salt (bis-ANS) has been widely used as probe for protein hydrophobic pockets, because, on binding to these pockets, the emission maximum shifts and increases in intensity. Titration of carbonmonoxyDevS (active) and oxy-DevS (inactive) with bis-ANS showed an impressive change in the emission for both states, but interestingly, the affinity for bis-ANS was about two-fold higher for the active state compared to the inactive state. Specifically, the K d for single binding to oxy-DevS was 6.2 AE 0.2 lM, and to carbonmonoxyDevS this was 10.1 AE 0.4 lM (R 2 = 0.99, average of three independent experiments; Fig. 6 ). The emission maximum for bis-ANS bound to carbonmonoyx-DevS and oxy-DevS was 482 and 485 nm, respectively.
Cysteine-rhodamine modified DevS fluorescence
We also took advantage of the single cysteine residue (Cys524) in the kinase region of DevS to explore interfaces of oligomerization (Fig. 1B) . We selectively modified the thiol side chain using rhodamine-maleimide and investigated this modified protein, DevS-rhd, for its capacity to change the oligomerization pattern under the oxy and carbonmonoxy states of heme ligation. In analytical gel filtration experiments, we noticed the formation of a similar oligomeric mixture of states for oxyDevS-rhd compared to oxy-DevS, with mainly tetramers and dimers. Saturation with CO led to a majority of octamers as observed for the unlabeled DevS (Fig. 7) . The electronic spectrum for each oligomeric state was identical. These results suggested that the immediate region around Cys524 caused little disturbance to the interfaces. The addition of DTT did not alter the oligomerization response to either O 2 or CO. 
Cross-linking assays
Potential interfaces for oligomerization were further probed with three different cross-linking reagents: (a) the photo-responsive metal complex [Ru(bpy) 3 ] 2+ that promotes crosslinking mainly between tyrosine and nearby tyrosine, tryptophan, cysteine and methionine residues [42] [43] [44] [45] ; (b) disuccinimidyl suberate (DSS) with an eight-atom spacer, to crosslink amine groups; (c) the heterobifunctional reagent N-succinimidyl 4-(maleimidomethyl)cyclohexanecarboxylate (SMCC), with a nine-atom spacer, to crosslink thiol to amine groups. We reasoned that the use of SMCC might be informative if there is an interface of oligomerization near Cys524. Regarding DSS, there are eight amine groups in DevS: the one at the N terminus plus seven lysines, six of which are in the heme domain and one in the kinase region (Fig. 1B) .
We observed a very efficient photo-crosslinking using [Ru(bpy) 3 ] 2+ /APS (ammonium persulfate)/light, (Fig. 8) . The reaction yielded a sequence of bands at high molecular mass and after longer light exposure no monomer band could be seen. We used 5 lM of oxy-DevS for these experiments, but a higher concentration (25 lM) was investigated with similar results. In agreement with denaturing gel, the [Ru(bpy) 3 ] 2+ / APS/light photocrosslinked protein showed a smaller proportion of dimers by analytical gel filtration, and a larger increase of octamers, plus some even larger species. Amine-amine crosslinking using DSS was also observed by SDS/PAGE, but in a lower amount, with indication of dimers and higher species. In agreement with this result, the DSS amine-amine crosslinked sample exhibited an increase in the octameric fraction by analytical gel filtration. The more difficult attempt to crosslink the only thiol group in the protein to amines using SMCC did not succeed, as observed by electrophoresis data, which showed no larger crosslinked sample. Surprisingly, when we examined the oligomeric states of the SMCC-treated species, there was a strong decrease in the octameric fraction compared to the untreated control and all other crosslinkers (Fig. 8) . This result suggested that SMCC not only failed to promote crosslinks but also disturbed the formation of octamers.
Dynamic light scattering
Hydrodynamic radius (R h ), as measured using the dynamic light scattering (DLS) technique, can be used to estimate the solvated molecular volume of a protein [46] . Additionally, DLS can be used to estimate the molecular masses of globular proteins, when obtained along with a set of standard proteins [46] . To our knowledge, only a few heme-based sensors have had their hydrodynamic radii measured; for DosP a radius of 6.5 nm has been reported [47, 48] . For our experiments on DevS, we used as controls the globular proteins bovine serum albumin (m = 66.5 kDa), alcohol dehydrogenase (m = 150 kDa) and ferritin (m = 440 kDa). We carried out measurements, repeated at least twice at 25°C, on 2, 4 and 8 lM of oxy-DevS and carbonmonoxy-DevS, previously centrifuged and filtered (0.45 lm). In addition, we examined the dimeric hemebased sensor protein FixL from Rhizobium etli (ReFixL) (m = 140.4 kDa). We estimated the radii to be 6.3 nm for oxy-DevS and 7.1 nm for carbonmonoxy-DevS. Although these values represented averages due to the mixtures of oligomers, the finding of a larger radius for carbonmonoxy-DevS compared to oxy-DevS was consistent with our analytical gel filtration measurements, which showed the active species (in this case carbonmonoxy-DevS) to be mainly octameric. These radii, along with that of ReFixL (5.9 nm), showed a deviation from the curve of hydrodynamic radius versus molecular mass and supported a non-globular structure for these proteins. An analogous deviation has been reported for DosP. We note that if we use average molecular masses of 204 kDa for oxy-DevS and 322 kDa for carbonmonoxy-DevS, calculated from the percentage of each state from analytical gel filtration and then summed in a weighted average, then DevS shows a quite good match with the other globular proteins used as standards (Fig. 9) . 
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Discussion
Relatively few heme-based histidine protein kinase sensors have been studied. These include: DevS/DosT (heme-GAF) [24, 49] , MA4561 (heme-GAF) [50] , AfGcHK (heme-globin) [51] , NtrY [heme-Per, ARNT, and Sim proteins domain (PAS)] [52] , SenX3 (heme-PAS) [53] , and FixL (heme-PAS) [37, 54] . Among them, FixL has been the most widely investigated, and this has provided the basis for many studies in the field. Although interesting mechanistic features have been unraveled, including a hysteresis effect on signal transduction, and small angle X-ray scattering (SAXS) studies have been conducted, the structural mechanisms for signal transduction are not yet understood [19, 21, 36, 55] .
The most commonly proposed structural mechanism of regulation for the kinases is a conformational change starting at the heme that might influence domain-domain interactions. Heme-based sensors with coupled output domains other than kinases have had a similar lack of structural details, particularly due to the difficulty in obtaining crystal structures along with molecular dynamics for the full-length proteins. The transcription factor CO sensor transcriptional regulator (CooA) is the only full-length heme-based sensor for which the crystal structure has been solved [56] . For other heme-based sensors, studies using hydrogen-deuterium exchange coupled to mass spectrometry have pointed to the reorganization of a helix as being an important structural feature that leads to change domain-domain contacts [39, 40, 57] . In those cases, there were no changes in the oligomeric state of the sensor but a rearrangement within a dimer. Nevertheless, oligomerization is a relatively straightforward way to regulate activity and is commonly seen in eukaryotic tyrosine, serine, and threonine kinases.
Most heme-based sensors, including the heme-containing histidine protein kinases, have been reported as being homodimeric proteins (Table 1) [34, 37, 39] . There are exceptions, however, including soluble guanylate cyclase (sGC, heterodimer), HemDGC (tetramer) [58] , PccGCS (GCS from Pectobacterium carotovorum) (dimer-tetramer-octamer) [41] , and BpeGReg (GCS from Bordetella pertussis) (monomer-dimer-tetramer) [41] . In addition, some heme-based sensors are involved in multiprotein complexes, including the association of two heme-based sensors with opposing activities such as DosP and DosC in an RNA degradosome structure [59] . A few other cases have also been reported, where heme-based sensors have generated multiprotein complexes such as in a stressosome [60] or in neural modulatory complexes with sGC in association with neuronal nitric oxide synthase (nNOS) [61] . DevS is the only heme-based sensor so far that shows a mainly octameric active state, along with a fast equilibrium of oligomerization, directly controlled by the regulatory ligand O 2 . The only other known cases for a heme-ligand-regulated oligomerization have been found in the globin-coupled sensors PccGSC and BpeGReg, both diguanylate cyclases that generate cdi-GMP [41] . In these cases, however, the equilibrium reorganization for oligomerization was so slow (over 18 h for~10% of re-equilibration) that it was even possible to isolate each oligomer and measure its ligand-binding kinetics and enzymatic activity [41, 62] . It is notable that both PccGSC and BpeGReg are feedback regulated by their c-di-GMP product, which promotes dimer-dimer interactions that yield an inactive tetramer [62] . In the case of DevS, re-equilibration was much too quick for direct measurements on the different species (Fig. 4) . The addition of ATP or NaCl caused no significant change in the oligomerization response.
Fluorescence studies provide further support for major conformational changes in DevS. DevS has three tryptophans, each in a different domain: Trp215 in the heme-GAF, Trp369 in the GAF-2, and Trp572 in the HATPase region of ATP binding. We assumed the fluorescence of Trp215 in the heme domain to be strongly quenched and any fluorescence changes to be due to the other two residues. The intrinsic tryptophan emission for oxy-DevS was at 334 nm, while that of carbonmonoxy-DevS was of 337 nm. This was a minor bathochromic shift in emission, but it was associated with a decrease in intensity. These observations suggested that, compared to the inactive-state oxy-DevS, the tryptophans in the active-state carbonmonoxy-DevS were more solvent exposed. In the X-ray structure of the GAF-2 domain, Trp369 is in a long helix that might potentially serve as an interface for domain-domain interactions and respond to ligation states. In the HATPase domain (ATPase domain of histidine kinase), X-ray structure, Trp572 is in a b strand near two helices; depending on the movement of these helixes, which might be involved in domain-domain interactions, they might shield Trp572 or expose it to solvent.
Dynamic light scattering measurements supported our finding for a larger structure associated to carbonmonoxy-DevS, with a remarkable linear trend along with other globular proteins. By contrast, oxy-DevS as well as oxy-ReFixL deviated from this trend, possibly because of a more elongated structure for the inactive states. Structural studies of FixL from Bradyrhizobium japonicum (BjFixL) using SAXS and DLS also indicate an elongated structure [55] . The efficient crosslinks involving the phenolic and amine side chains (Tyr and Lys, N-term), which reside mainly in the DevS heme-binding domain, suggest that this domain might be a key interface for the oligomerization (Fig. 8) . A precedent for this kind of ligand-regulated change in quaternary structure comes from the lamprey hemoglobin, which is homodimeric and homotetrameric in the deoxy state but resolves into monomers upon ligation to O 2 [63] . In this hemoglobin, a change of the distal histidine (His73) to glutamine almost completely abolished the self-association. The X-ray structure of the isolated heme-binding domain of DevS, i.e. the heme-GAF, has been solved. This crystal structure shows a dimer with a tyrosine residue (Tyr206) right at the interface of the dimerization and the side chains from Tyr148 and Tyr83 at the surface (Tyr100 is less accessible). Several lysines residues (Lys116, Lys129, Lys175, Lys518, Lys509) are also on the surface. The lamprey hemoglobin shows cooperative binding of O 2 and a strong effect of pH on ligand binding, i.e. the Bohr effect, which are attributable to the distal histidine together with a glutamate residue (Glu75). Surprisingly, despite the changes in DevS oligomeric state triggered by ligation of O 2 , binding of this ligand was non-cooperative (K d = 3 lM, n = 1) [24] .
At first glance, our observation of no measurable crosslink to the only cysteine residue in DevS, which resides in the kinase region near the C terminus of the protein, suggested that the kinase was less likely to be involved in the oligomerizations. Nevertheless, a crystal structure of the isolated DevS ATP-binding domain showed this domain to be dimeric [17] . A modification of DevS with rhodamine at Cys524 caused a moderate disturbance in the oligomerization states. However, when the same cysteine was modified with SMCC, which is a longer molecule, there was a strong disturbance in the octamerization. This result suggests that the octamers might employ interfaces near the Cterminal end of the protein; this is the region of ATP binding and potentially a key site for control of the kinase activity. These results also open up opportunities to investigate agents that target the C-terminal region of DevS to block octamer formation and inhibit the kinase.
Physiological relevance for Mycobacterium tuberculosis
The in vivo concentration of DevS is an important issue, particularly, when we consider that at quite low concentrations we could barely observe any octamers. In the M. tuberculosis genome, devS occurs in the same operon as devR, and during hypoxia, the DevS protein can phosphorylate DevR. This hypoxic activation of DevR not only induces the expression of more than 47 genes necessary for adaptation to dormancy, but also activates an autoinduction of the Rv3134c-devR-devS operon to generate yet more active DevS and DevR [6] . The targets of DevR in the genome have been identified as DNA boxes that occur either singly or as multiple repeats [64, 65] . An X-ray structure of the DevR DNA-binding domain together with DNA showed the protein to be a tetramer [66] . These results suggest that, during the transition to dormancy, as described for example by the Wayne in vitro model, there might be a hierarchic activation of the target sites [67] . In this hierarchy, each target gene would get induced at its own threshold concentration of DevR, depending on the affinity for each site, the number of sites, and any possible cooperative effects. In any case, one might expect a relatively high DevR concentration to be needed to titrate out all the DNA target sites required for a commitment to dormancy. DevR in M. tuberculosis is estimated to be at about 5 lM for its basal intracellular concentration and to reach about 26 lM during hypoxia [68] . These concentrations are consistent with our measurements, and they suggest that the oligomerization of DevR as a mechanism of activation is physiologically relevant. Despite the in vitro evidence presented here, we should keep in mind that other species interacting with DevS in vivo, such as DevR [6, 69] and NarL [70] , could further modulate the oligomerization process; this deserves further investigation.
Conclusion
We have found that DevS exists as a mixture of oligomeric species, particularly octamers, tetramers and dimers. Even at quite low concentrations (~100 nM) there is no measurable monomeric species. The most remarkable feature was a quick change in the oligomeric states, which depended on the heme status, and a direct connection of this change to the protein's enzymatic activity. Our analyses of two distinct heme states where the kinase activity is ON (deoxy, carbonmonoxy) and two others where the activity is OFF (oxy, met) indicate that the activity resides mainly in the octamers (Fig. 10) . These results agree with the reported inhibition factor of six observed for the autophosphorylation reaction of oxy-DevS compared to deoxy-DevS [24] .
Two globin-coupled sensors with diguanylate cyclase activity have been shown to alter their oligomeric states mainly between (octamer-tetramer)-dimermonomer depending on O 2 binding to the heme [41] . Their very slow kinetics of oligomeric rearrangement suggest that another faster process probably initiates the changes in enzymatic activity that follow ligand binding. It is possible that other heme-based proteins besides those possessing a heme-GAF use oligomerization to promote signal transduction. Our results open up new opportunities to regulate DevS by disruption of the active octamers with exogenous small molecules. This strategy, which might have important pharmacological implications for the treatment of latent tuberculosis, is being investigated in our laboratory [31] .
Materials and methods
Expression and purification of DevS
A 4-L culture of an MC1061 Escherichia coli strain, harboring a full-length devS gene cloned in a tac-based plasmid under ampicillin selection, was grown in an orbital shaker (TE-420 TECNALÒ; Piracicaba, São Paulo, Brazil) at 200 r.p.m. and 37°C for~8 h. The temperature was lowered to 30°C, 0.5 mM IPTG was added, and the incubation continued for 12 h. These cells were harvested and fast-frozen with liquid nitrogen for further processing.
The cell pellet was processed similarly to what was reported before [24] . Briefly, the cells were resuspended in lysis buffer (50 mM Tris/HCl pH 8.0, 137 mM NaCl, 5 mM KCl, 5% glycerol, 1 mM EDTA, 10 mM 2-mercaptoethanol, 0.17 mgÁmL À1 PMSF and 0.1 mgÁmL À1 lysozyme) and ultrasonicated while maintaining the temperature below 10°C. The lysed cells were spun down and the supernatant collected, where an intense red color was noticed. This supernatant was precipitated with ammonium sulfate and later resuspended for other chromatographic steps (phenyl sepharose, DEAE and S-200 column). Protein purity was assessed by electronic absorption spectroscopy (R z = 0.52 for Abs(280 nm)/Abs(Soret band) ratio) and SDS/PAGE electrophoresis.
Analytical gel filtration measurements
DevS oligomers were resolved and detected by analytical gel filtration chromatography using a GC-PAK GFC-300 column (7.8 mm 9 150 mm; Tosoh, Tokyo, Japan) in an HPLC (from Shimadzu, Kyoto, Japan) equipped with a model LC-10 AD pump and a SPD-M20A UV-visible photodiode-array detector with a CBM-10 AD interface coupled to an automatic degasser. The mobile phase for all experiments consisted of a 50 mM Tris/HCl Buffer pH 7.4 with 50 mM sodium chloride, unless otherwise stated. Electronic spectra were collected for each eluted sample during the gel filtration run, enabling us to confirm the heme status: whether bound to oxygen (oxy-DevS), carbon monoxide (carbonmonoxy-DevS), reduced under anaerobic conditions (deoxy-DevS) or oxidized (met-DevS). The DevS samples were injected in concentrations ranging from 0.5 to 20 lM. A sample of oxy-DevS was injected at 0.1 lM as the lowest concentration investigated. This full-length protein was originally isolated and stored as a reduced O 2 bound DevS. The ferric form of DevS (met) was obtained by incubating the protein sample for~20 min with a small stoichiometric excess of sodium ferricyanide (1 : 4), right before injections. We followed the procedure reported by Burns et al. [41] , with minor changes, to prepare anaerobic ferrous-DevS protein (deoxy-DevS). Briefly, the HPLC buffer was de-aerated with argon in an anaerobic chamber (COY Laboratory, Grass Lake, MI, USA) for at least 24 h to guarantee that all O 2 had been completely removed. Sodium dithionite at 2 mM was added to the de-aerated buffer. Once the buffer was removed from the anaerobic chamber and installed on the HPLC, a further purge of argon was carried out and a positive argon pressure was maintained to minimize any diffusion of O 2 into the buffer. Then, a gel filtration column was equilibrated with deoxygenated buffer containing dithionite. The sample loop was also quickly deoxygenated by injecting anaerobic buffer containing 500 lM of dithionite. Additionally, oxygen was removed from the protein sample by mixing with the Fig. 10 . Mechanistic response of quaternary structure of DevS to oxygen. Under aerobic condition, DevS is bound to oxygen (oxyDevS) and is maintained as an inactive histidine protein kinase; the dimeric and tetrameric species are the main states. Under anaerobic condition, DevS is found unligated (deoxy-DevS) and is a fully active histidine protein kinase; the octameric species is the main state. Additionally, CO is not a regulatory ligand; CO-DevS is an active histidine protein kinase (like deoxy-DevS); this species is mainly octameric. Met-DevS is enzymatically inactive (like oxyDevS), and it is mainly dimeric and tetrameric.
HPLC buffer a buffer containing 500 lM of dithionite inside the anaerobic chamber. A vial containing deoxyDevS was sealed with a septum and removed from the anaerobic chamber immediately before its injection into the HPLC. We tried to minimize the time between addition of dithionite to the protein sample and injection into the HPLC. The DevS form bound to CO was obtained by gentle bubbling of the carbon monoxide gas to the previously reduced protein. The injections were also carried out without dithionite treatment to exclude any effect caused by this compound. Electronic spectra were obtained from 200 to 700 nm for all the chromatographic eluted peaks to ensure that the DevS protein remained in the deoxy state during the HPLC analysis, as well as other states (carbonmonoxy, oxy, met).
To investigate the changes in the oligomeric states of DevS caused by salinity or ATP, the salinity was increased from 0, 50, 100, 150 and 200 mM of NaCl, which was included in the HPLC buffer as well as in the protein mixture; for ATP, we used 100 lM. In every case, we investigated the protein samples in the active and inactive states; any additional components were included with the protein and also pre-equilibrated with the column.
The oligomeric states of oxy-DevS (dimer, tetramer and octamer) were isolated at their peaks using analytical gel filtration chromatography. Each one of those species was reinjected 10, 30, 60, 120 and 240 min after isolation.
Globular proteins (Bio-Rad, Hercules, CA, USA, and Sigma-Aldrich, St Louis, MO, USA) consisting of thyroglobulin (669 kDa), ferritin (443 kDa), alcohol dehydrogenase (150 kDa), ovalbumin (44 kDa), and myoglobin (17 kDa) were used as molecular mass standards for the gel filtration calibration curve. Retention time versus log of molecular mass provided a linear curve, whose regression fitting (R 2 ) was of at least 0.98. Blue dextran (GE LifeScience, Marlborough, MA, USA) was also injected to provide information regarding the exclusion volume, which resulted in~2.75 min as the largest species excluded from the column. Quantification of oligomeric states was done by deconvolution of the peaks in the chromatogram using a multi-peak iteration using a Gaussian equation in ORIGIN software version 8.5.1 (OriginLab Corp., Northampton, MA, USA). Once those peaks were isolated by generation of a Gaussian, the area of each one was integrated, and the area of the octamer, tetramer and dimer was divided by 4, 2 and 1, respectively, to give actual concentration of each peak, considering the octamer absorbs for the same concentration four times more than a dimer. The total sum of the three peak areas was assigned as 100% of the concentration of the species, then for each one the percentage concentration was calculated. The quality of the deconvolution was considered reasonable for the analysis when < 5% of residual was obtained.
Fluorescence measurements
Intrinsic protein emission
A Quanta-Master QM-40 PTI (Horiba, Kyoto, Japan) fluorescence spectrometer was used to perform steady-state fluorescence measurements in a 1-cm quartz cuvette at 22°C. All slits used were of 0.5 mm. The samples consisted of 1 lM of DevS (O 2 or CO saturated) in 50 mM Tris/HCl buffer pH 8.0 with 50 mM of NaCl. These samples were excited at 295 nm and the emission spectra collected from 305 to 420 nm.
Bis-ANS binding measurement
Measurement of bis-ANS (Sigma-Aldrich) affinity was conducted with 1 lM oxy-DevS or carbonmonoxy-DevS in the buffer reported above, where it was added the fluorescent probe from 1 to 20 lM (or until saturation) into the cuvette. The excitation was carried out at 350 nm and emission spectra collected from 360 to 600 nm. All titrations were repeated at least twice and treated using a single binding equation in PRISM software version 5.0 (Graphpad, La Jolla, CA, USA), where R 2 was at least above 0.98, and K d reported as an average.
Fluorophore labeling
DevS has only one cysteine located in the kinase domain (C524), which was used to incorporate a fluorophore (rhodamine) using maleimide (tetramethylrhodamine-5-maleimide; Thermo Fisher Scientific, Waltham, MA, USA) coupling chemistry. A sample of 70 lM of DevS in 50 mM Tris/HCl buffer pH 8.0 was used along with 700 lM of rhodamine-maleimide added dropwise during 3 h. After this time of reaction, the mixture was passed through a bio-spin P-30 (Bio-Rad) column and analysed by electronic spectroscopy, fluorescence, SDS/PAGE and analytical gel filtration.
Dynamic light scattering
We used the DLS device Zetasizer nanoseries-ZS (Malvern Instruments, Malvern, UK) to estimate the particle size of DevS. All samples were measured in 50 mM Tris/HCl pH 7.4, 50 mM NaCl, and previously filtered through a 0.45 lm syringe filter, at 25°C. At least two independent data sets, using an average of triplicate measurements, were collected and the hydrodynamic radius of the proteins measured. The results are presented by volume of size distribution and hydrodynamic diameters of the proteins, where another hemebased sensor protein FixL (from Rhizobium etli) and standard globular proteins were used (bovine serum albumin, ferritin and alcohol dehydrogenase). For DevS, we measured the oxy and carbonmonoxy states and varied the protein concentrations from 2 to 8 lM.
Crosslinking assay
For the crosslinking experiments, we employed three distinct reagents: tris(2,2 0 -bipyridine)ruthenium(II) hexafluorophosphate, DSS and SMCC (all from SigmaAldrich). These reagents were individually mixed with 5 lM of DevS in 50 mM of phosphate buffer pH 7.4, containing 50 mM NaCl. This cross-link experiment was carried out in air with the oxy-DevS species. The tris(bipyridine)ruthenium(II) complex works as a photo-crosslinking agent: to the DevS solution was added 0.2 mM of this ruthenium reagent along with 0.2 mM of ammonium persulfate, which were irradiated with a blue LED. This reaction was further interrupted by adding 49 loading buffer containing 2-mercaptoethanol, then loaded on a 7.5% SDS/PAGE gel. The other two crosslinking reagents, DSS and SMCC, were used at 0.5 and 0.2 mM concentrations under the same conditions, and similarly analyzed.
